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The effect of superovulation by pregnant mare serum gonadotropin (PMSG) on autologous transplanted ovaries in the lumbar
muscles of mice was histomorphometrically evaluated using the indices of number and volume of different kind of follicles and
volume of corpora lutea, ovary, and stroma. Angiogenesis was observed after mouse ovarian transplantation on days 14 and 21
after ovarian grafting. After transplantation, the total number and volume of primary and secondary follicles reduced, while PMSG
superovulation increased the total number and total volume of tertiary follicles and also the ovarian volume after transplantation.
Transplantation increased the average size of primary, secondary, and tertiary follicles. Therefore, primary and secondary follicles
can survive after autologous transplantation but their reservations diminished by increasing the time of transplantation. However,
number of tertiary follicles and their response to superovulation increased over time after transplantation.

1. Introduction

Ovary transplantation is a method for preservation of endan-
gered and valuable species [1]. On the other hand, ovarian
transplantation has the potential application for maintaining
the fertility after chemotherapy and radiotherapy in women
[2]. As a result of the ovarian transplantation, the possible
depletion of follicle reserve and limitation of fertility restora-
tion exist [3]. The major concern in grafting is that the graft
survival is completely dependent on the establishment of
neovascularization [4]. A number of follicles may be lost
because of hypoxia and ischemia. For evaluation of the effect
of ischemia after ovarian transplantation, whole or piece of
small ovaries of laboratory rodents can be used [5]. To prevent
ischemia and increase the rate of angiogenesis, surgery must

be rapid and the ovarian tissue should be placed in a highly
vascular tissue [6]. It is shown that ischemia may cause
disappearance of 50% or even greater percentage of primary
follicles and almost all of the growing follicles 3 to 7 days after
transplantation and before development of angiogenesis [7].

Steroidogenesis, proliferation, and differentiation of fol-
licular granulosa cells of growing preovulatory stages of
ovarian follicles are induced by follicle-stimulating hormone
(FSH). However, primordial follicles’ initial development is
FSH independent [8], but FSH acts as survival factor in
serum-free ovarian cortical tissue culture and during primor-
dial follicular transition to primary and secondary follicles
[9]. In addition, coordination of germ line and somatic
compartments of follicle development in mouse is done by
ESH [10]. FSH action in adult mouse can be induced using
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TABLE 1: Groups and procedures for evaluation of superovulation effect on follicular development after autologous ovarian transplantation

in mice.

Groups Transplantation PMSG injection and time Day of sampling
Negative control - - In the estrus phase
PMSG + (In the diestrus phase) 2 d after injection
Graft (14 d) + - 14 d after transplantation
Graft (21d) + - 21d after transplantation
Graft + PMSG (14 d) + + (12 d after transplantation) 14 d after transplantation
Graft + PMSG (21d) + + (19 d after transplantation) 21d after transplantation

pregnant mare serum gonadotropin (PMSG), a chorionic
gonadotropin hormone of pregnant mare. PMSG superovu-
lation can serve as a good model to understand the probable
mechanism of FSH action in follicular development [11].

With that in mind that harvesting of mature oocytes
for in vitro fertilization process increases the chances of
reproductive success, PMSG is currently used for production
of mature superovulated oocytes for in vitro fertilization of
valuable species including endangered ones. In addition, it is
not known if the transplanted preserved ovaries can respond
to the superovulation to achieve this goal of harvesting higher
number of matured oocytes. The aim of the present study was
to (1) assess superovulation with PMSG on transplanted ovary
as an indicator of posttransplantation normal activity of
antral follicles, (2) evaluate histomorphometrically the effect
of posttransplantation ischemia on different follicular stages,
and (3) evaluate the effect of recovery time on follicular
growth after autologous transplantation of murine ovaries by
the induction of superovulation using PMSG.

2. Materials and Methods

2.1. Animals. 'The experimental study was approved by Ethics
Committee of School of Veterinary Medicine, Shiraz Univer-
sity. Thirty-six female adult Balb/c mice weighing approx-
imately 25-30g were provided from Laboratory Animal
Center, Shiraz University of Medical Sciences. The animals
were kept at 23 + 1°C and 55 + 5% relative humidity with 12 h
light/dark cycle. They were given standard pellet and water ad
libitum during experimental period.

The mice were randomly divided into 6 equal groups
(n = 6), four transplantation groups and two control groups
(Table 1). The transplantation groups included two transplan-
tation (14 and 21 d) groups and two PMSG/transplantation (14
and 21d) groups. The control groups were subdivided to a
positive control PMSG group and a negative control group.
The mice were entered into study on day of diestrus using
vaginal smears. In PMSG positive control group, the mice
received single intraperitoneal injection of PMSG (5 IU, Preg-
necol, Bioniche Animal Health (A/Asia) Pty Ltd., Armidale,
NSW, Australia) and 48 h later the animals were euthanized
with ether and cervical dislocation. In the transplantation
groups (14 and 21d), the ovarian autotransplantation was
done on both sides of spinal cord during the diestrus phase.
After 14 d and 21d, the mice of transplantation groups were
sacrificed. In the PMSG/transplantation groups (14 and 21d),

the same autotransplantation procedure was performed and
after 12d in the first group and 19d in the second one
PMSG (5IU) was intraperitoneally injected and 48 h later
the mice were euthanized. In the negative control group,
surgery was not performed and the mice were sacrificed in the
estrus phase. Stages of estrus cycle were determined based on
vaginal smear method [12].

2.2. Ovarian Autotransplantation Surgical Method. Surgical
procedures were performed under sterile conditions and
in a 24°C temperature operating room. The diestrus mice
were weighed and anesthetized with an IP injection of
ketamine (100 mg/kg, Alfasan, Woerden, Netherland) and
xylazine (10 mg/kg, Alfasan, Woerden, Netherland). Surgical
area of abdomen and lateral lumbar region of the mice were
surgically prepared. Both ovaries of the mice were removed
from a midline abdominal incision and transferred to a sterile
dish filled with prewarmed (39°C) sterile saline. Adipose and
connective tissues were carefully removed from ovary using a
stereomicroscope (SZM, Optika, Italy). The abdominal mus-
cles and skin were sutured with a standard two-layer closure
using a simple continuous suture pattern. Then, paralumbar
incisions were made on both sides, parallel to the lumbar
spinal cord. The ovaries were then grafted into the dorsal lum-
bar muscles and skin was routinely closed. Oxytetracycline
spray was applied on the incision site. Animals were placed
in individual controlled 25°C temperature recovery cages.

2.3. Histological Evaluation of Ovaries. On the day of sam-
pling, animals were euthanized with ether and ovaries of
control and PMSG groups and the transplanted ovarian tis-
sues with their surrounding muscles of transplanting groups
were removed. The tissues were fixed in fresh 10% buffered
formalin solution in room temperature. After that they were
implanted in paraffin. Ethanol and xylene were used for
dehydration step. Samples were embedded in paraffin wax
and serial sections at thicknesses of 20 yum were performed.
During the block sectioning, serial sections were checked
until the ovarian tissues appeared in the paraffin section. That
was selected as the first section of ovary and the 10th section of
every 10 consecutive slices were selected until the observation
of the last section with ovarian tissue in the paraffin block.
Selected sections were deparaffinized at 60°C and dehydrated
in graded concentrations of xylene and ethanol rehydrated in
room temperature and stained with hematoxylin and eosin
stain.
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FIGURE I: (a) Corpora lutea and secondary follicle in the section confirm ovarian function and folliculogenesis after 21 days™ autologous
ovarian transplantation in lateral lumbar muscles of mice without superovulation. (b) Angiogenesis, arrows show presence of blood cells in
vessels of transplanted ovary and surrounding skeletal muscles. H&E staining.

2.4. Histomorphometric Analysis. Follicle types in ovarian
sections were defined as previously explained [13] and
the numbers of primary, secondary, and tertiary follicles
were counted on light microscope (CX21, Olympus, Japan).
Sections were also microscopically photographed with an
adjusted digital camera (AM423U Eyepiece Camera, Dino-
Eye, Taiwan) and Dino Capture 2.0 software (AnMo Elec-
tronics Corporation, New Taipei City, Taiwan). The area of
total ovary, corpora lutea, and total follicles of each section
were measured by drawing their scope using Digimizer
software (MedCalc Software bvba; Mariakerke, Belgium).

Moreover, the volume of the ovary, developing follicles
of all stages, and corpora lutea of all groups (V) were
calculated according to the elliptical cone volume formula:
V = nD* h/6, where 7 is equivalent to 3.14, D indicates the
larger diameter, and h indicates the smaller diameter of the
ovary, follicles, and corpora lutea. The mean follicle volume
(v) was measured by taking the average of volume of ovarian
tertiary follicles of all stages, according to the following
formula: v = V/N, where N indicates the numbers of ovarian
developing follicles of all stages. Furthermore, stromal vol-
ume (V) was calculated according to the following formula:
Vs = Vg — Vg, where V is the volume of the ovary and
Vp is the volume of the follicles.

2.5. Statistical Analysis. The data of histological indices of
ovary were subjected to Kolmogorov-Smirnov test of normal-
ity and analyzed by one-way ANOVA and LSD post hoc test
(SPSS for Windows, version 22, SPSS Inc., Chicago, Illinois).
The P value of less than 0.05 was considered to be statistically
significant. Group means and their standard error were
reported in the text and graphs (GraphPad Prism version 5.01
for Windows, GraphPad software Inc., San Diego, CA, USA).

3. Results

Histological evaluation showed angiogenesis and follicu-
logenesis after grafting in ovaries in the transplantation
and PMSG/transplantation groups (Figure 1). Moreover, in
microscopic evaluation of ovaries in the PMSG group and the

PMSG/transplantation (14 and 21d) groups numerous large
tertiary follicles were observed, but in the transplantation (14
and 21d) groups and the control group the number and the
size of tertiary follicles were smaller (Figure 2).

Histomorphometric analysis showed that there was a
significant reduction in the number and total volume of pri-
mary follicles in the transplantation (14 and 21d) and PMSG/
transplantation (14 and 21 d) groups compared with the con-
trol and PMSG groups (P < 0.05, Figures 3(a) and 3(b)). The
mean primary follicle volume in the transplantation (14 d)
group was more than that in the other groups except for the
PMSG/transplantation (14 d) group (P < 0.05, Figure 3(c)).
Also there was a significant decrease in the mean primary
follicle volume in the PMSG group in comparison with the
other groups (P < 0.05).

Same as primary follicles, there was a significant reduc-
tion in the number of secondary follicles in the trans-
plantation (14 and 21d) and PMSG/transplantation (14 and
21d) groups compared with the control and PMSG groups
(P < 0.05, Figure 4(a)). Moreover, the total volume of
secondary follicles in the PMSG group was more than the
PMSG/transplantation (21d) group (P < 0.05, Figure 4(b)).
The mean secondary follicle volume in the transplanta-
tion (14d) group was significantly more than the control,
PMSG, and PMSG/transplantation (21d) groups (P < 0.05,
Figure 4(c)).

The number of tertiary follicles in the transplanta-
tion (21d) and PMSG/transplantation (21d) groups was
significantly more than the control group (P < 0.05,
Figure 5(a)). The total volume of tertiary follicles in the
PMSG/transplantation (21d) group was significantly greater
than the control, PMSG, and transplantation (14 d) groups
(P < 0.05, Figure 5(b)). The mean tertiary follicle volume in
the PMSG/transplantation (14 and 21 d) group was more than
the control and PMSG groups (P < 0.05, Figure 5(c)).

Ovary volume in the PMSG/transplantation (21 d) group
was more than the control and transplantation (14 d) groups
(P < 0.05, Figure 6(a)). Ovarian stromal volume in the PMSG
group was more than the transplantation (14 and 21d) groups
(P < 0.05, Figure 6(b)).
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FIGURE 2: Comparison of the superovulatory effect of pregnant mare serum gonadotropin (PMSG) after autologous ovarian transplantation
in mice. Ovaries of groups of (a) control, (b) PMSG, (c) transplantation (14 d), (d) transplantation (21d), (¢) PMSG/transplantation (14 d),
and (f) PMSG/transplantation (21 d). H&E staining.
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FIGURE 3: Mean and standard error of histomorphometric analysis of primary follicles (a) total number, (b) total volume, and (c) mean follicle
volume in control group, pregnant mare serum gonadotropin (PMSG) group, transplantation (14 and 21d), and PMSG/transplantation (14
and 21 d) groups after autologous ovarian transplantation and superovulatory effect of PMSG. >>Different superscript letters show significant
difference between different groups (P < 0.05).
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FIGURE 4: Mean and standard error of histomorphometric analysis of secondary follicles (a) total number, (b) total volume, and (c) mean
follicle volume in control group, pregnant mare serum gonadotropin (PMSG) group, transplantation (14 and 21 d), and PMSG/transplantation
(14 and 21d) groups after autologous ovarian transplantation and superovulatory effect of PMSG. **Different superscript letters show

significant difference between different groups (P < 0.05).

4. Discussion

In the present study, the impact of transplantation ischemia
on survival and development of different follicular stages
following whole ovary heterotopic autotransplantation were
histomorphometrically evaluated after 14 and 21 d. The results
indicated that survival and development of different follicular
types were influenced by ischemia. Reduction in the number
of primary and secondary follicles in the transplantation and
PMSG/transplantation groups after 14 and 21d showed the
effect of ischemia on these follicular stages. However, the
number and volume of these follicles decreased after grafting
but estimated individual size of both types was increased after
14 days and again was decreased on day 21. Simultaneously,
during the same period, increase of the number and volume
of tertiary follicles showed follicular growth continued and
was enhanced after heterotopic transplantation. Consistent
with our findings, Xie et al. [3] recently showed that
healthy rate of follicles and the number of follicles with
positive proliferating cell nuclear antigen in primary follicles
decreased 1 month after orthotopic autografting of the rabbit
ovaries. Early follicular development is regulated by ovar-
ian autocrine/paracrine regulators and interactions between
oocyte-granulosa cells, ovarian stromal cells, and theca cells
affect this process [14]. Grafting could induce deactivation

of primordial follicles [15]. Therefore, decrease in number of
primary follicles can be affected by cessation of primordial
follicle growth. Our findings indirectly and directly may
indicate that follicular growth and development in early
stage (primordial and primary follicles) were more influenced
by ischemia in comparison with late stages (secondary and
tertiary follicles), and follicle reservoirs in primordial and
primary stages cannot be well replaced after transplantation
ischemia.

In this study, we observed that ovarian tissue survived
and follicles grew in muscular spaces of back muscle. A rapid
blood supply can prevent loss of follicular pool and cessation
of folliculogenesis after ovarian transplantation may reduce
the follicular quality and response to hormonal alterations.
Therefore, in this study the effect of intraperitoneal injection
of PMSG on follicular growth after ovarian transplantation
was evaluated as an index of presence of ovarian blood
supply, angiogenesis, and folliculogenesis especially after
primordial follicular stage. Significant differences in the
primary, secondary, and tertiary follicle number and volume
after transplantation and superovulation, which indicated the
time despite the positive role in follicular survival and better
angiogenesis, have a significant impact on follicular growth
and maturation in response to superovulation. Anatomically,
primary follicles in rodents are small and located very close
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ovarian transplantation and superovulatory effect of PMSG. *®Different superscript letters show significant difference between different

groups (P < 0.05).

to the surface of ovary [16]. On the other hand, oocyte
metabolism was higher in primary follicles than at any sub-
sequent stage [17]. Therefore, more reduction of primary fol-
licles than secondary ones after one week (time between two
samplings) may be the result of the effect of posttransplanta-
tion ischemia on reduction of early stages of follicles.

Complete removal of ovarian fat tissue before transplan-
tation enhanced revascularization via facilitation of cell infil-
tration from the high blood supply muscular tissue. Forma-
tion of new blood vessels was initiated by elongation, sprout-
ing, intussusception, or the incorporation of circulating
endothelial cells of preexisting vasculature [18]. Most of these
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processes can be involved in angiogenesis of ovary [19].
Ischemic damage of ovarian tissue is unavoidable during
postgrafting period and its effect is reduced after neo- and
revascularization. Vascular connections between the murine
ovary and transplanted site were observed 5 days after
transplantation [20].

A cohort of primordial follicles within 10 to 12 d reaches
the secondary follicle stage and by 6 to 12d develop to
the large antral stage in mice [21]. Considering the 5d of
posttransplantation angiogenesis, in the first sampling of 14 d,
the evaluated tertiary follicles were the developed follicles
from the primary and secondary follicles which suffered from
posttransplantation ischemia, while in the second sampling
of 21d the sectioned tertiary follicles were related to the
developed follicles from the primary and secondary follicles
after angiogenesis. Therefore, the increase in mean of number
or volume of tertiary follicles after 21d in comparison with
14 d sampling in transplantation groups can be explained.

5. Conclusions

Primary and secondary follicles can survive after autologous
transplantation but their reservoirs gradually get diminished
by increasing the time of transplantation. However, number
of tertiary follicles and their response to superovulation
increased over time after transplantation. Therefore, it seems
that early collection or superovulation of transplanted ovaries
may result in more tertiary follicles.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] R. R. Santos, C. Amorim, S. Cecconi et al., “Cryopreservation
of ovarian tissue: an emerging technology for female germline
preservation of endangered species and breeds;” Animal Repro-
duction Science, vol. 122, no. 3-4, pp. 151-163, 2010.

[2] P. Ghadjar, V. Budach, C. Kohler, A. Jantke, and S. Marnitz,
“Modern radiation therapy and potential fertility preservation
strategies in patients with cervical cancer undergoing chemora-
diation,” Radiation Oncology, vol. 10, no. 1, p. 50, 2015.

[3] S.Xie, X. Zhang, W. Chen et al., “Developmental status: impact
of short-term ischemia on follicular survival of whole ovarian
transplantation in a rabbit model,” PLoS ONE, vol. 10, no. 8,
Article ID e0135049, 2015.

[4] A. R. Rajabzadeh, H. Eimani, H. Mohseni Koochesfahani, A.-
H. Shahvardi, and R. Fathi, “Morphological study of isolated
ovarian preantral follicles using fibrin gel plus platelet lysate
after subcutaneous transplantation,” Cell Journal, vol. 17, no. 1,
pp. 145-152, 2015.

[5] E. Torrents, I. Boiso, P. N. Barri, and A. Veiga, “Applications
of ovarian tissue transplantation in experimental biology and
medicine,” Human Reproduction Update, vol. 9, no. 5, pp. 471-
481, 2003.

[6] 1. Demeestere, P. Simon, S. Emiliani, A. Delbaere, and Y. Englert,
“Orthotopic and heterotopic ovarian tissue transplantation,”
Human Reproduction Update, vol. 15, no. 6, pp. 649-665, 2009.

[7] R. G. Gosden, “Ovary and uterus transplantation,” Reproduc-
tion, vol. 136, no. 6, pp. 671-680, 2008.

[8] R. Garor, R. Abir, A. Erman, C. Felz, S. Nitke, and B. Fisch,
“Effects of basic fibroblast growth factor on in vitro devel-
opment of human ovarian primordial follicles,” Fertility and
Sterility, vol. 91, no. 5, pp. 1967-1975, 2009.

[9] C.S. Wright, O. Hovatta, R. Margara et al., “Effects of follicle-
stimulating hormone and serum substitution on the in-vitro
growth of human ovarian follicles,” Human Reproduction, vol.
14, no. 6, pp. 1555-1562, 1999.

[10] I. Demeestere, A. K. Streiff, J. Suzuki et al., “Follicle-stimulating
hormone accelerates mouse oocyte development in vivo,” Biol-
ogy of Reproduction, vol. 87, no. 1, p. 3, 2012.

[11] D. Bhartiya, K. Sriraman, P. Gunjal, and H. Modak, “Gona-
dotropin treatment augments postnatal oogenesis and pri-
mordial follicle assembly in adult mouse ovaries?” Journal of
Ovarian Research, vol. 5, no. 1, article 32, 2012.

[12] M. S. Salehi, M. R. J. Shirazi, M. . Zamiri et al., “Hypothalamic
expression of KiSS1 and RFamide-related peptide-3 mRNAs
during the estrous cycle of rats,” International Journal of Fertility
and Sterility, vol. 6, no. 4, pp. 304-309, 2013.

[13] M. Azarnia, H. Koochesfahani, M. Rajabi, Y. Tahamtani, and A.
Tamadon, “Histological examination of endosulfan effects on
follicular development of BALB/C mice,” Bulgarian Journal of
Veterinary Medicine, vol. 12, no. 1, pp. 33-41, 2008.

[14] M. Qiu, E Quan, C. Han et al.,, “Effects of granulosa cells on
steroidogenesis, proliferation and apoptosis of stromal cells and
theca cells derived from the goat ovary;” The Journal of Steroid
Biochemistry and Molecular Biology, vol. 138, pp. 325-333, 2013.

[15] A. David, A. Van Langendonckt, S. Gilliaux, M.-M. Dolmans,
J. Donnez, and C. A. Amorim, “Effect of cryopreservation
and transplantation on the expression of kit ligand and anti-
Miillerian hormone in human ovarian tissue,” Human Repro-
duction, vol. 27, no. 4, pp. 1088-1095, 2012.

[16] J. B. Kerr, R. Duckett, M. Myers, K. L. Britt, T. Mladenovska, and
J. K. Findlay, “Quantification of healthy follicles in the neonatal
and adult mouse ovary: evidence for maintenance of primordial
follicle supply;” Reproduction, vol. 132, no. 1, pp. 95-109, 2006.

[17] S. E. Harris, H. J. Leese, R. G. Gosden, and H. M. Picton,
“Pyruvate and oxygen consumption throughout the growth and
development of murine oocytes,” Molecular Reproduction and
Development, vol. 76, no. 3, pp. 231-238, 2009.

[18] G. D. Yancopoulos, S. Davis, N. W. Gale, J. S. Rudge, S. J.
Wiegand, and J. Holash, “Vascular-specific growth factors and
blood vessel formation,” Nature, vol. 407, no. 6801, pp. 242-248,
2000.

[19] G. Macchiarelli, J.-Y. Jiang, S. A. Nottola, and E. Sato, “Mor-
phological patterns of angiogenesis in ovarian follicle capillary
networks. A scanning electron microscopy study of corrosion
cast,” Microscopy Research and Technique, vol. 69, no. 6, pp. 459-
468, 2006.

[20] A.-S. Van Eyck, B. E. Jordan, B. Gallez, J.-F. Heilier, A. Van Lan-

gendonckt, and J. Donnez, “Electron paramagnetic resonance

as a tool to evaluate human ovarian tissue reoxygenation after

xenografting,” Fertility and Sterility, vol. 92, no. 1, pp. 374-38l,

2009.

J.J. Eppig, K. Wigglesworth, and F. L. Pendola, “The mammalian

oocyte orchestrates the rate of ovarian follicular development,”

Proceedings of the National Academy of Sciences of the United

States of America, vol. 99, no. 5, pp. 2890-2894, 2002.

[21



